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Background. Diabetes mellitus type 2 (DM) is known to be a major risk factor for the development of active tuberculosis, although its influence on latent Mycobacterium tuberculosis infection (hereafter, "latent infection") remains poorly characterized.
Methods. We examined circulating plasma cytokine levels in individuals with latent infection with DM or pre-DM (ie, intermediate hyperglycemia) and compared them to levels in patients with latent infection and normal glycemic control.
Results. In persons with DM or pre-DM, latent infection is characterized by diminished circulating levels of type 1 (interferon γ, interleukin 2, and tumor necrosis factor α) and type 17 (interleukin 17F) cytokines. This was associated with decreased systemic levels of other proinflammatory cytokines (interleukin 1β and interleukin 18) and the antiinflammatory cytokine interleukin 10 but not with decreased systemic levels of type 2 cytokines. Moreover, latently infected individuals with DM had diminished levels of spontaneous and M. tuberculosis antigen-specific levels of type 1 and type 17 cytokines when antigen-stimulated whole blood was examined. Finally, there was no significant correlation between the levels of any of the cytokines measured (with the exception of interleukin 22) with hemoglobin A1c levels.
Conclusions. Our data reveal that latent infection in the presence of DM or pre-DM, is characterized by diminished production of cytokines, implicated in the control of M. tuberculosis activation, allowing for a potential immunological mechanism that could account for the increased risk of active tuberculosis in latently infected individuals with DM.
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The long-held association between tuberculosis and diabetes mellitus type 2 (DM) [1] has been given additional credence by a recent meta-analysis in which DM was shown to have a 3-fold increased risk for the development of active pulmonary tuberculosis [2] . In addition, DM is also known to be associated with a greater severity of tuberculosis, with a greater odds of cavitation, increased bacillary loads, delayed sputum conversion, treatment failure, relapse, and death [1, 3] . Despite the clinical and public health significance posed by the dual burden of tuberculosis and DM, very little is known about the immunological and biochemical mechanisms underlying this susceptibility.
Enhanced susceptibility to tuberculosis in patients with DM has been ascribed to several factors, including direct effects related to hyperglycemia and insulin resistance and indirect effects related to macrophage and lymphocyte function [1, 3, 4] . Pre-DM (ie, intermediate hyperglycemia) is a high-risk state for DM that is defined by levels of glycemic variables that are higher than normal but lower than thresholds for DM. Pre-DM is also associated with the presence of insulin resistance and B-cell dysfunction-abnormalities that start before changes in blood glucose levels become detectable [5] . While a number of studies have examined the interaction of DM with active tuberculosis [3, 4] , very few studies have examined the interaction of DM (and its pre-DM precursor) with latent Mycobacterium tuberculosis infection (hereafter, "latent infection"). Whether diabetes hastens the progression to active tuberculosis by increasing the risk of latent infection in healthy individuals or by increasing the risk of progression to active tuberculosis in latently infected individuals is not known. Moreover, the impact of diabetes or pre-DM on the innate and adaptive immune responses to mycobacteria-derived antigens in latent infection is also not known.
Since type 1 and type 17 cytokines and the interleukin 1 (IL-1) family of cytokines are known to influence susceptibility to tuberculosis in both humans and in animal models [6, 7] , we postulated that diabetes and/or pre-DM could perturb the normal homeostatic levels of these cytokines in latent infection. To this end, we compared levels of a panel of type 1, type 17, IL-1-family, and other relevant proinflammatory cytokines in individuals with latent infection and coincident DM or pre-DM to levels in individuals with latent infection but without DM. We also examined the influence of DM or pre-DM on M. tuberculosis antigen-specific cytokine production. Our data show both DM and pre-DM alter the levels of many proinflammatory cytokines at homeostasis and in response to M. tuberculosis antigens in latent infection and provides evidence for the potential contribution of impaired glucose tolerance to the increased risk for progression to active tuberculosis. Finally, our data also show that, among individuals with DM or pre-DM, those with latent infection exhibit significantly higher circulating levels of most proinflammatory cytokines, compared with those without latent infection.
MATERIALS AND METHODS

Study Population
We studied a group of 90 individuals with latent infection, 30 of whom had DM, 30 of whom had pre-DM, and 30 of whom had no DM. We also studied another 60 individuals without latent infection as controls (30 with DM and 30 without DM). Latent infection was diagnosed on the basis of positive results of the Mantoux skin test (induration diameter, >12 mm), using 2 tuberculin units of purified protein derivative (Statens Serum Institute), and positive results of the Quantiferon In-Tube Gold assay, with no chest symptoms of tuberculosis and normal chest radiograph findings [8] . DM and pre-DM were defined on the basis of glycated hemoglobin (HbA1c) percentages, using American Diabetes Association criteria (DM, > 6.5%; pre-DM, 5.7%-6.4%) [9] . All the individuals were human immunodeficiency virus negative. All individuals were naive to antituberculosis treatment. Anthropometric measurements, including height, weight, and waist circumference, and biochemical parameters, including plasma glucose level, lipid profiles, and HbA1c level, were obtained using standardized techniques as detailed elsewhere [10] . Hematologic analysis was performed on all individuals, using the Act-5 Diff hematology analyzer (Beckman Coulter). All individuals were examined as part of a clinical protocol approved by the institutional review boards of the National Institutes of Allergy and Infectious Diseases and the National Institute of Research in Tuberculosis, and informed written consent was obtained from all participants.
Plasma Enzyme-Linked Immunosorbent Assay (ELISA) Plasma cytokine and chemokine levels were measured using a Bioplex multiplex cytokine assay system (Bio-Rad, Hercules, CA). The parameters analyzed were interferon γ (IFN-γ), tumor necrosis factor α (TNF-α), interleukin 2 (IL-2), interleukin 17A (IL-17A), interleukin 4 (IL-4), interleukin 5 (IL-5), interleukin 13 (IL-13), interleukin 10 (IL-10), interleukin 6 (IL-6), interleukin 12p70 (IL-12p70), and granulocyte macrophage colony-stimulating factor (GM-CSF). Plasma levels of transforming growth factor β1 (TGF-β1; total level − acid-activated level), IL-1α, IL-1β, interleukin 18 (IL-18; all R&D Systems), IL-17F (Biolegend), and interleukin 22 (IL-22; ebioscience) were measured by ELISA. The lowest detection limits for the various cytokines were as follows: IL-1α, 2.4 pg/mL; IL-1β, 2.7 pg/mL; IL-2, 1.16 pg/mL; IL-4, 0.3 pg/mL; IL-5, 2.08 pg/mL; IL-6, 2.31 pg/ mL; IL-10, 2.2 pg/mL; IL-12, 2.78 pg/mL; IL-13, 2.22 pg/mL; IL-17A, 2.57 pg/mL; IL-17F, 1.2 pg/mL; IL-22, 2.2 pg/mL; IL-18, 2.1 pg/mL; IFN-γ, 2.14 pg/mL; TNF-α, 4.89 pg/mL; and TGF-β, 7.8 pg/mL.
Quantiferon Supernatant ELISA
Whole blood specimens from a subset of latently infected with or without DM (22 per group) were incubated with no antigen, with M. tuberculosis antigens (ESAT-6, CFP-10, and TB 7.7), or with mitogen ( phytohemagglutinin), using the Quantiferon InTube Gold kit. The unstimulated or M. tuberculosis antigenstimulated whole-blood supernatants were then used to analyze the levels of IFN-γ, TNF-α, IL-17A, IL-10, and IL-1β, using the DuoSet ELISA kit (R&D systems).
Statistical Analysis
Geometric means were used for measurements of central tendency. Statistically significant differences between 3 groups were analyzed using the Kruskal-Wallis test with Dunn multiple comparisons, and those between 2 groups were analyzed using the nonparametric Mann-Whitney U test. Multiple comparisons were corrected using the Holm correction. Correlations were calculated using Spearman rank correlation. Multivariate linear models were built to test the association between the cytokine levels and the independent variables, including age, sex, lipid profile, and random blood glucose level. Analyses were performed using GraphPad Prism, version 5.01, or R, version 2.15.2.
RESULTS
Study Population Characteristics
The baseline characteristics, including demographic characteristics, clinical features, and biochemical features of the study population are shown in Table 1 . As can be seen, compared with latently infected individuals without DM, individuals with latent infection and DM had higher fasting blood glucose, HbA1c, serum cholesterol, low density lipoprotein (LDL), and triglycerides levels but lower high-density lipoprotein (HDL) cholesterol levels. Similarly, compared with latently infected individuals without DM, latently infected individuals with pre-DM had higher HbA1c, serum cholesterol, LDL, and triglycerides levels but lower HDL cholesterol levels. Interestingly, the lipid profiles of latently infected individuals with DM and those with pre-DM did not differ significantly. The groups did not significantly differ in their baseline hematological parameters (data not shown) or in results of hepatic or renal function tests (Table 1) . Finally, multivariate logistic regression analysis did not reveal any effect of age, sex, or serum lipid profile on the cytokine levels in the 3 groups (data not shown).
Latently Infected Individuals With DM and Those With Pre-DM Exhibit Diminished Circulating Levels of Type 1, Type 17, and IL-1-Family Cytokines
Since type 1 and type 17 are known to be important in resistance to tuberculosis [7, 11] , we determined the influence of DM or pre-DM on type 1 and type 17 cytokines in latent infection by measuring the circulating levels of IFN-γ, TNF-α, IL-2, IL-17A, IL-17F, and IL-22 in latently infected individuals with DM (n = 30), with pre-DM (n = 30), and with no DM (n = 30). The geometric mean systemic levels of all 3 type 1 cytokines were significantly lower in latently infected individuals with DM and those with pre-DM, compared with those without DM (for IFN-γ, 557.3 pg/mL and 589.1 pg/mL, respectively, compared with 963.8 pg/mL; for TNF-α, 377.7 pg/mL and 362 pg/mL, respectively, compared with 490 pg/mL; and for IL-2, 58.2 pg/mL and 64.4 pg/mL, respectively, compared with 90.2 pg/mL; Figure 1A ). Similarly, geometric mean systemic levels of IL-17F in latently infected individuals with DM and those with pre-DM were also significantly lower than those in latently infected individuals without DM (26.2 pg/mL and 22.9 pg/mL, respectively, compared with 40.9 pg/mL). In contrast, geometric mean IL-22 levels were significantly higher in latently infected individuals with DM, compared with those with pre-DM and those without DM (273 pg/mL, compared with 33.6 pg/mL and 83.4, respectively). Thus, latent infection with diabetes or . Cytokine levels were measured by enzyme-linked immunosorbent assay. Each circle represents a single individual, and each bar represents the geometric mean. P values were calculated using the Kruskal-Wallis test with Dunn multiple comparisons. *P < .05, **P < .01, and ***P < .001.
pre-DM is associated with diminished levels of type 1 and type 17 cytokines at homeostasis. Since type 2 and regulatory cytokines influence the progression to active tuberculosis [7] , we sought to determine the influence of DM or pre-DM on type 2 and regulatory cytokines in latent infection and measured the plasma levels of IL-4, IL-5, IL-13, IL-10, and TGF-β in the 3 groups. As shown in Figure 1B , the geometric mean systemic levels of type 2 cytokines-IL-4, IL-5, and IL-13-were not significantly different between latently infected individuals with DM, those with pre-DM, and those without DM. However, the geometric mean systemic levels of the regulatory cytokine IL-10 were also significantly lower in latently infected individuals with DM and those with pre-DM, compared with levels in those without DM (56.9 pg/mL and 62.8 pg/mL, compared with 86.8 pg/mL). In contrast, the levels of the other potent regulatory cytokine, TGF-β, were not significantly different between the 3 groups.
Finally, since the IL-1 family of cytokines, as well as other proinflammatory cytokines, are known to be important for resistance to M. tuberculosis infection [7] , we also measured circulating levels of these cytokines in the 3 groups. The geometric mean systemic levels of IL-1β and IL-18 but not IL-1α in latently infected individuals with DM and those with pre-DM were significantly lower than levels in those without DM (for IL-1β, 34.9 pg/mL and 37.1 pg/mL, respectively, compared with 74.3 pg/mL; and for IL-18, 62.8 pg/mL and 64.6 pg/mL, respectively, compared with 88.4 pg/mL; Figure 1C ). No significant differences were found in the systemic levels of other proinflammatory cytokines examined, including IL-6, IL-12, and GM-CSF, between the 3 groups. Thus, latent infection with diabetes or pre-DM is associated with decreased levels of proinflammatory cytokines.
Individuals With Both Latent Infection and DM Exhibit Decreased M. tuberculosis Antigen-Stimulated Levels of Type 1 and Type 17 Cytokines
Since we observed alterations in the plasma levels of type 1 and type 17 cytokines, we sought to determine whether diabetes is associated with alterations in mycobacteria-specific production of these cytokines in latent infection. To this end, we measured levels of these cytokines following stimulation with a cocktail of M. tuberculosis-associated antigens (ESAT-6, CFP-10, and TB 7.7) in a subset of 22 diabetic individuals and 22 nondiabetic individuals with latent infection (Figure 2 ). As shown in Figure 2A , the spontaneously produced geometric mean levels of IFN-γ (2.4 pg/mL vs 7.3 pg/mL) and TNF-α (0.39 pg/mL vs 6.8 pg/mL) in latently infected diabetic individuals were significantly lower than those in latently infected nondiabetic individuals. Similarly, as shown in Figure 2B , the geometric mean M. tuberculosis antigen-stimulated (net cytokine) levels of IFN-γ (10.5 pg/mL vs 249.2 pg/mL), TNF-α (6.5 pg/mL vs 328.1 pg/ mL), IL-17A (14.2 pg/mL vs 24.4 pg/mL), and IL-10 (95.6 pg/ mL vs 220.6 pg/mL) in latently infected diabetic individuals were also significantly lower than those in latently infected nondiabetic individuals. Mitogen stimulation induced production of all cytokines, but the levels were not significantly different between the 2 groups ( Figure 2C ). Thus, latent infection with DM is associated with decreased levels of M. tuberculosis antigenstimulated type 1 and type 17 cytokines.
Relationship Between Systemic Cytokines and HbA1c Levels
HbA1c is a very accurate indicator of the level of diabetic control, and increased values reflect poor control [9] . Since HbA1c levels have been previously shown to correlate with cytokine levels in individuals with active tuberculosis [12, 13] , we wanted to examine whether this relationship exists in latent infection, as well. Thus, we assessed the association of type 1, type 17, IL-1-family cytokines, and type 1 IFNs with HbA1c levels in all latently infected individuals with DM or pre-DM in the study. As shown in Figure 3 , the systemic levels of type 1 (IFN-γ, TNF-α, and IL-2), type 17 (IL-17A and IL-17F), and IL-1-family cytokines were not related to HbA1c levels in latent infection. In marked contrast, IL-22, the only cytokine present at significantly higher levels in individuals with latent infection and DM was also the only cytokine that exhibited a significantly positive relationship with HbA1c levels (P < .0001; r = 0.8132). This suggests that perturbations in the homeostatic levels of different cytokines in DM or pre-DM is not influenced by the glycemic status alone.
Individuals With Both Latent Infection and DM Exhibit Elevated Circulating Levels of Type 1, Type 17 and IL-1 Family of Cytokines, Compared With Individuals Without Latent Infection
To determine the effect of latent infection status on the homeostatic levels of plasma cytokines, we measured the circulating levels of IFNγ, TNFα, IL-17A, IL-22, IL-1β and IL-18 in individuals with both latent infection and DM, individuals without latent infection and with DM, and individuals without both latent infection and DM. Comparison of individuals with both latent infection and DM to individuals without latent infection and with DM and individuals without both latent infection and DM revealed significantly higher geometric mean levels of IFN-γ (557.3 pg/mL, compared with 219.8 pg/ mL and 345.8, respectively ), TNF-α (377.7 pg/mL, compared with 115.8 pg/mL and 120.5 pg/mL, respectively), IL-17A (376 pg/mL, compared with 84.1 pg/mL and 146.8 pg/mL, respectively), IL-1β (34.9 pg/mL, compared with 3.3 pg/mL and 4 pg/mL, respectively), and IL-18 (62.8 pg/mL, compared with 24.4 pg/mL and 26.1 pg/mL, respectively; Figure 4 ). Interestingly, latent infection had no effect on baseline IL-22 levels. Thus, latent infection is associated with significantly elevated levels of type 1, type 17, and IL-1-family cytokines, independent of DM status. 
DISCUSSION
DM is associated with immune dysfunction with alterations in the components of the immune system, including altered levels of specific cytokines and chemokines, changes in the number and activation state of various immune cell subsets, and increased apoptosis and tissue fibrosis [14] . Pre-DM is characterized by the presence of blood glucose and HbA1c levels that are above normal limits [9] . Since glucose dysregulation and insulin resistance is common to both DM and pre-DM, the cumulative effects on the immune system overall are likely to be similar [9] . How these changes affect the immune response to infectious agents or third-party antigens remains unclear. More specifically, the underlying immunological basis for susceptibility to tuberculosis among those with DM is not well understood. One possible mechanism is that an impaired immune response in diabetic or prediabetic patients facilitates either primary infection with M. tuberculosis or reactivation of latent tuberculosis [3, 4] . Studies examining the innate and adaptive immune response to microbial antigens in diabetic patients suggest that these responses are compromised, particularly in those with chronic hyperglycemia [15] [16] [17] .
Cytokines play a critical role in the host immune response against mycobacterial infections [11] . Of particular importance are IFN-γ and TNF-α, the functions of which have been well documented in both mouse models and human infections [7, 11] . Of lesser importance but playing a role nonetheless is IL-17A, the prototypical type 17 cytokine that is known to be necessary for mediating memory immune responses to M. tuberculosis in mice [18] . Finally, the roles of other type 17-associated cytokines, such as IL-17F and IL-22, have not been investigated in detail, although IL-22 has been to shown to contribute to the human antimycobacterial response [19] . Cytokines of the IL-1 family, especially IL-1α and IL-1β, are important for resistance to tuberculosis, with mice deficient in IL-1α, IL-1β, and IL-1 receptors showing greater susceptibility to tuberculosis [20, 21] . In addition, IL-18 [22] and IL-12 [23, 24] are both known to be crucial in immunity to M. tuberculosis infection. More recently, IL-6 has been shown to mediate inhibition of disease progression [25] . Our study on the homeostatic (or steady-state) levels of type 1 and type 17 cytokines reveals profoundly diminished plasma levels of most of these cytokines during DM or pre-DM with coincident latent infection. In conjunction with our analysis that other confounding variables, such as age, sex, or lipid profile, do not influence the levels of cytokines, our data imply a strong predilection for impaired cytokine production in diabetic individuals with coincident latent infection. While DM is generally thought to be associated with a compromised immune response [16] , the exact nature of this immune compromise has not been defined previously and whether it occurs in prediabetics has not been examined to our knowledge. Our data suggest that it is poor glycemic control (or underlying mechanisms of insulin resistance) that may be associated with diminished systemic levels of type 1 and type 17 cytokines. Interestingly, the diminished production of type 1 and 17 cytokines is associated with significantly lower systemic levels of the IL-1 family of cytokines. Among the type 17 cytokines, IL-17F levels are significantly lower than IL-17A levels, although both share 55% homology. This could be due to the 2 different assays used for measurement. In addition, IL-22 deserves special mention in that it was the only cytokine measured that was present at higher levels in latently infected individuals with DM and that had levels that appeared to be positively correlated with HbA1c levels. In this context, it is interesting to note that IL-22 has been previously shown to be produced at higher levels in individuals with DM and to promote IL-β-driven inflammation in human adipose tissue [26] . To address the role of latent tuberculosis infection in influencing the homeostatic levels of these cytokines, we also compared latently infected individuals with 2 other control groups without latent infection (individuals with and individuals without DM) and demonstrated that latent infection, independent of DM status, is associated with increased baseline cytokine levels.
Although we feel that the steady-state levels of important cytokines reflects quite clearly the in vivo state, to address more specifically the M. tuberculosis-driven responses, we examined these responses in latent infection in the presence or absence of DM. Our data demonstrate that antigen-specific cytokine production during latent infection largely reflects what was seen in the systemic circulation at steady state, with diminished M. tuberculosis-stimulated production of most of the type 1, type 17, and other relevant cytokines and that a concomitant increase in regulatory or type 2 cytokines was not apparent in the present study. Thus, the down-modulation of systemic cytokine responses during pre-DM or DM is unlikely to be due to increased activity of regulatory cytokines.
Typically, DM is known to be associated with a chronic inflammatory milieu, with activation of the innate immune system and increased production of proinflammatory cytokines [16] . Indeed, therapeutic strategies targeting proinflammatory cytokines are in clinical trials for DM [27] . Moreover, we and others have previously shown that DM in the context of active pulmonary tuberculosis is associated with an exaggerated inflammatory response and with heightened levels of type 1, type 2, and other proinflammatory cytokines [12, 13, 28] . . Plasma levels were measured by enzyme-linked immunosorbent assay. Each circle representing a single individual, and each bar represents the geometric mean. P values were calculated using the Kruskal-Wallis test with Dunn multiple comparisons. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
Thus, our data on the diminution in proinflammatory cytokine production both at steady state and following antigen stimulation in the context of latent infection potentially suggest a profound impact on comorbidity during latent infection concomitant with DM. Our study also examines the important modulatory role played by poor glucose control and/or nascent or full-blown insulin resistance in latent infection and offers important insights into the potential mechanism by which DM or pre-DM could influence the progression from latent infection to active tuberculosis. Our data support the growing body of evidence that suggests immunocompromise is an integral part of DM and that this compromise could have serious consequences in the face of intracellular pathogens that require type 1-and type 17-associated cytokines for resistance. While our study by design was cross-sectional and cannot delineate causal parameters, it provides an impetus to perform longitudinal studies examining the role of immunocompromise in the progression from latent infection to active tuberculosis and the role played by poor glucose control. In a broader context, the present study suggests that by maintaining good glucose control, restoration of immune competence (with its inherent improvement in antigen-specific responses) holds promise for mediating protection to intracellular pathogens and in the induction of the appropriate responses to exogenously delivered antigens though vaccination.
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